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(57) Abstract 

A magncto-ieajstlve magnetic field sensor comprising two magnetic layens (1,2) which arc mutually Intciconnocted via a oonstrictlOT 
(7) Is a panlctilar embodiment, the mflgrteric layers (I, 2> are separated by an intermediate non-metalUc layer (3) comalnlng a hole (5) 
wlijh is filled widi magnetic material so a* to fotm the conslrlctlcm (7), la an alternative embodiment, the magnetic layers 0, 2)^ 
the constriction (7) aic rabstantiaJly coplaw (fig. 8). In a preferontiaJ embodiment, the width (Wc) of the ctmstrfctSoit (7) Is smallw than 
one micron and is ideally of the order of 100 nra. By measuring the electrical iwisianco across the constriction. Le. with a 
from one magnetic layer (1) to the other magnetic layer (2) via the coosirlciion (7), the relative role of Inter-domain reiiftance effects with 
tespect to intra-domain resistance effects is increased, leading to a correspondingly increased magneto-resistance ratio. In addition, bemuse 
theeJectrical propertUa of the senstM- then iterive principally from constriction <7). whereas its magoetic pre^rtica derive primarily from 
the magnetic byera ( J, 2), It is possible to indcpcndcfttiy adjust the electrical and magnetic <*aractcristica of the sensrar, at least to a large 
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A MAGNETO-REStSnVE MAGNETIC PICLX> SENSOR 



The inventioii rdates to a magneto-resisdve magnetic field sensor. 

Such a sensor demonstrates a so-called magneto-resistance effect, whereby 
the electrical resistance of the sensor can be infloenoed by exposing It to a magnetic field. 
Magnetic flux variations to whiiA the sensor is exposed can thus be oonveded into 
S corresponding dectrical voltage variations across the saisoe, thereby allowing the magnetic 
flux to be electrically "read*. Sensors of this Qrpe may be employed inter aUai 

as magnetic heads, which can bo used to decrypt the magnetic flux emanating 
from a recording medium in the form of a magnetic tape, disc or card; 
in compasses, for ctetecting the terrestrial magnetic fidd, e«g. in automotive, 

10 aviation, maritime or perscmal navigation systems; 

as fidd sensors in medical scanners. 



15 



20 



25 



Magneto-resistance effects are discussed in general in the following 

articles: 

(a) T.R. McGuire and R.I. Potter, IEEE Trans. Magnetics MAG-11 (1975), pp 
1018-1038. This article discusses the so<«alled anisotrtqiic magndo-resistance 
effect, whoeby the electrical resistance of a feiromagnetie nuuerial is d^/endent 
on the orientation of its magnetization with respect to the direction of an 
dectrical current through the material; 

(b) B. Dioiy, J. Magn. Magn. Mater. 13.6 (1994), pp 335-359. This article 
discusses the so-called spin- valve magneto- resistance effect, whereby the 
dectrical resistance of a pair of exchange-coupled ferromagnetic layers d^iends 
on the relative orientatiOD of tiie magnetizations in the two layers. 

The electrical reristance R of a magneto-reristive body can bo measured 
by ai^Iying a known dectrical voltage V across it and measuring the electrical current I 
thad)y induced, the nrio of V to I yielding the value of R. The resistance values thus 
measured, in both the absmee (Ro) and presence (RJ <>f ^ appropriate magndie field 
(switching fidd) H» can be employed to calculate the magneto-resistance ratio (MR) using 
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the fonnula: 



MR 



I I 



Typical MR-values for piior4it magoeto-iesistive season are of the onto- of 0.5-2% (at 
5 loom teii^ieratine). Such relatively low MR-values generally lower tin sensitivity of the 
associated sensors. 

The switching field H. hereabove referred to is the (minimum) nji pit*^ 
magnetic field required to cause magnetization-revenal in a fenoimgimtic body. In an id ea* 
magneto-resistive field sensor, the value of H, is prefmably as small as is practicable, 

10 whereas the MR-value is preferably as large as possible. A problem with known sensmrs is 
that, in general, these two omditions cannot be simultaneously met, and that a compromise 
has to be struck. 

IS It is an object of tte invention to provide a magnetO'iesistive magnetic 

field sensor which demonstrates a relatively large magneto-resistance ratio (at room 
temperature and fbr relatively low applied magnetic fields). It is a futtiier object of the 
invention that it should be pos^le to indqrendently adjust tire dectxical and magnetic 
properties of such a sensor, at least to a relatively large degree. In paificutar, it is an object 
20 of the invention that the said sensor should have a relatively low switching fidd. 

These and other objects are achieved according to the invention in a 
magneto-resistive magnetic field sensor which is characterized in that it comprises two 
magnetic layers which are mutually interconneciBd via a constriction. 

Assuming that die inventive sensor is emirioyed in such a manner that its 
25 electrical resistance is measured amoss the constrimkm (te. with a cuirent-flow fiom one 
magnetic layer to die odier magnedc layer via the constrictitm), die seosm’s dectrical 
resistance will effectivdy derive solely from that constriction. Consequendy, tince the 
volume of this ctmstriction is only a tiny fraction of the volume of the magnetic layers which 
it imercomiects, the magnetic properties of die sensor (derived from the magnetic layers and 
30 any magnetic materials adjacent therdo) can be adjusted substantially indqimdendy of the 
electrical properties of die sensor (derived from the constriction). In particular, this allows a 
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Iritatively low H.-value to be resized {e.g. by appropriate choice of the constitution, 
thickness and geometrical form of the magnetic layers) without having to sacrifice a large 

MR'Value. 

For the reasons set forth in the previous paragraph, it is posrible to 
5 have a flux guide In direct contact with one of tiie magnetic layers without causing a 
leduction in the sensor’s MR-value. This alkiwa such a sensor to have a greatly enhanced 

efliciency. 

The feet that the sensor’s electrical resistance derives essentially from the 
constriction, rather than from the magnetic layers, also allows a substantially increased MR- 

10 value to be obtained. This can be explained as follows. 

The electrical resistance of a feiromagnetic material arises both feom an 

intraMlomain and an inter-domain contribution. In many applications, the intrardomain 
contribution and its magnetic field dependence are explmted to detect magnetic signals. The 
inter-domain contribution can have a much stronger magnetic field dependence than the intia- 
15 domain contribution, but, in usual ferromagnetic materials, the Inter-dcmiain contribution is 
overwhelmed by the intra-domain contribution, so that attainable MR-values are k^t small. 

In the sensor according to the invention, resistance measurements are 
concentrated in a highly localized resistive volume (the constriction) rather than a relatively 
wide resistive volume (the whole volume of a magnetic layer). Since the cwistriction acts as 
20 a pinning center for domain walls, the average volurae-daisity of magnetic domains relative 
to the employed reristive volume is very much increased. This leads to an attendant increase 
in the relative role of inter-domain reristanoe effects, to an extent which dqiends on the 
width w. of the constriction. As wiH become evident hereunder, the smaller the value of w, 

the better. 

25 For the sake of clarity, the quantity w, as here employed is understood to 

lefer to the smallest dimenaon (width) of the constriction as measured parallel to the plane 
of the magnetic layers. 

An advantageous erabodiineni of the sensor according to the invention is 
characterized in that the w« < 1 /»«• Since the average magnetic domain size D in a typical 
30 fi^magnetic sample wUl genendly be of the order of 10 this measure ensures that 
^ < I>. In a particular scenario investigated by the inventors, the system ftHmcd by the 

two magnetic layCTS and the constriction contains only one domain wall, and this is generally 
located in the constriction, where it has the smallest area and thus the lowest energy. 
Assuming We to be significantly larger than the mean free path length of an electron in the 
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material of the magnetic layns, the inventors have d^^inined that: 

MR « — 
fif'r 



in whid) r is the domain interface lesistaACe and fi is die resistivity of the material of the 
5 magnetic layns. For iron (for examine), r 3 x Iff** Q m* and p 10 cm (at room 
temperature), so that MR - 30/w. (w, in nm). It is then clear that: 

If w« has a value of 1 pm, MR will be ^iproximately 3%, \diich is comparable 
to the performance of prior art sensors; 

If w, has a value less than 1 pm, MR will substantially exceed the values 
}Q obtainable with prior art sensors (e,g. if w^ — 2S0 nm, then MR •• 12 %). 

The actual domain pattern in a giv^ sensor according to the invention 
may be different to the simple single-domain-wall scenario discussed in the previous 
paragraph, but the background princqiles remain the same: the magnetic microstructure in 
the constriction is substantially altered by manipuladng the magnetisations in the magnedc 
IS layers. 

A preferential embodiment of the sensor according to the invention U 
chameterized in that w* £ 100 nm. Not only does such an embodiment entail a substandally 
increased value of MR (30% or more, using the values of r and p quoted above for Fe), but 
it also advantageously entails a relatively large value of the electrical resistance of the sensor 
20 as a whole (of the order of 1 Q at room temperature). As will be elucidated herd>elow, it is 
icladvely easy to fabricate constriedons for which w. is of the order of 10-50 nm, leading to 
MR-values of the order of 50*60% or more. 

A pa rti m lwr embodiment of the sensor according to die invention is 
characterized in that the two magnedc layers are arranged in a stack and are sqiarated by an 
25 intermediate non-metallic layer, whereby the non-meiallic layer contains a hole which is 
filled with magnetic material so as to form the constriction. Such a hole preferably has a 
substandally round or oval cross-section, and may, for example, be ^loximately cylindrical 
Of "hour-glas8-shaped“ (Le. with a "waist" which is rdadvely narrows than the rest of the 
hole); in such a case, w, is the diami^ of the whole at Us narrowest ptdnt (waist). 

3 Q The term "non-metallic" as here employed with refeimice to the 

intermediate layer should be interpreted broadly. In general, the term refers to any substance 
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which does not have metallic electrical conduction iwoperties. More particulariy, the term is 
not only intended to refer to solid materials, but also to liquids, gases or vacuum. In 
addition, tiie term -layer* as here employed is intended to encompass non-metallic multilayer 
Structures (such as a SWNiO bilayer, for example). In a particular embodiment of the 
5 sensor according to the invention, the non-metallic material is selected from the group 
consisting of sUicon, silicon oxide. siUcon nitride and aluminium oxide. Using selective 
masking and etching techniques, thin layers of such dielectric materials can be provided with 
well-defined, localized boles having a width w, as small as 15-50 nm: see. for example, the 
article by P.A.M. Holw^ et al. in Microelecttonic Engineering 11 (1990), VP 27-30. 

10 Alternatively, Embodiment 3 below shows how naturaUy-occurring -pinholes" in the non- 
metallic layer can be filled with magnetic material, «) as to create magnetic constrictions as 

require by th© invention • 

The thickness of the non-metallic layer in the previous paragraph is 
preferably of the order of 10-50 nm, though other thicknesses are allowed according to the 

15 — invention. 

An alternative embortimait of the sensor according to the invention is 
characterized in that the two magnetic layers and the constriction are substantially co-planar. 
such a structure can, for example, be manufactured using sdective masking and etching 
techniques, whereby a uniform layer of magnetic material on an insulating substrate is etched 
20 into two separate portions which are only interconnected by a narrow bridge of remaining 
material (the constriction). 

In the inventive sensor, the magnetic layers and the magnetic constriction 
preferably comprise a single magnetic material. This is so as to prevent unwanted scattering 
phenomena at the interfiices between different materials (c.g. in the case of a Co layer and a 
25 Fe layer separated by a Co constriction), which tend to reduce the relative inter-domain 
contribution to the electrical resistance. Suitable examples of a single magnetic material for 
use in the sensor include Fe, Co, Ni and their alloys (e.g. permalloy or 
(Fc^ii-0yCo,.„ 0 < x,y < 1), together with (magnetite) and PtMnSb, 

If so desired, the sensor according to the invention may comprise 
30 mattrial b«ides that flrady preMtt in the layen. «ni 

conMriclion! (hr entmple, a layer of aoft-magoetie maunial may be stacked with at least one 
of the magneuc layers, so as to reduce the sensor-s H.-value. or an esehange^ia^ layer 

may be stacked with one of the magnetic layers, so as to •pin* its magneSatlon to a 

pmicoho direetioo. In mlditioo, at least one of the magnetic tayers can he slrictoied into a 
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ghroi geometrical fonn> if so deared; for example, ime of the magoetic layers may be disc- 
shaped (round or oval), so that its shs9>e anisotropy will be ess^tially z«t», thereby tending 
to lower H,. 

If so desired (or if it is a ccmsequence of a particular mamifacturing 
procedure), tticre may be several connective magnetic constrictions between the magnetic 
layers. However, the presence of sutd) multiple constrictions (in parallel circuit arrangement) 
will tend to reduce the electrical resistance of the sensor. 

The thickness t. of fhe magn^c layers is preferably very mudb greatm* 
than Wo. This is because the resistance R, of the constriction is given by the relationship 
_ p/Wo, whereas the sheet resistance Ro of a magnetic layer is given by the relationship 
Ro - p/U. hi which p is the electrical resistivity of the material of the magnetic layers (and 
constriction). It therefore follows ttiat, if R* is to dominate, then t„, should be much greater 
than w,. It should be explicitly noted that both magnetic layers do not have to have the same 
thickness t,„. 

A particular embodiment of the swisor according to the invention is 
characterized in that it comprises at least one flax guide which serves to concentrate 
magnetic flux from an external source into the vicinity of the magnetic layers. As already 
explained hereabove, such a flux guide may actually be in ccmtaci with one of the magnetic 

layers. 

It should be explicitly noted that the sensor according to the current 
invention is clearly distinguished ftom the sensor described in Intcroational Patent 
Application WO 95/26547, a number of features. These include the following: 

The structure in WO 95/26547 is always a stacked structure: there is no 
coi^anar embodiment as in the case of the current invention; 

The connective passage in WO 95/26547 contains a multiUyer structure, 
comprising alternately arranged magnetic and non-magnetic layers. In ocmtrast, 
the constriction in tiie present invention cominises magn^c material only: there 
is no multilayer structure and no non-magnetic material; 

The layers on «ther side of the constriction in the present invention are 
required to be magnetic layers. On the other band, in WO 95/26547, the layers 
on cither side of the connective passage are only required to be metallic layers. 



The invention and its attendant advantages will be further elucidated with 
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the aid of exemplary embodiments and tfw accompanying schematic drawings, whereby; 

Figure 1 lendns a cross~sectional view of part of a particular embodimoit 
of a magneto-resistive magnetic field sensor according to the invention, employing a stacked 
structure; 

5 Figure 2 depicts the subject of Figure 1 in zero field, after Us provision 

with an exchange biasing layer. 

Figure 3 shows the subject of Figure 2 in the presence of an applied 
magnetic switching fidd; 

Figure 4 depicts a first manuiactaring step in the production of a device 
10 as shown in Figure 1; 

Figure 5 shows the subject of Figure 4, subsequent to the performance 

thereupon of a second manufteturing stq> (etching proecdore); 

Figure 6 shows the subject of Figure 5, after the oiaction thereupon of a 

third manufacturing step (electrolytic deposition); 

Hguie 7 renders a perspective view of a particular embodiment of a 

sensor according to the invention, with flux guides and electrical connections; 

Figure 8 gives a perspective view of a coplanar embodiment of the sensor 

according to the invention. 

Cone^nding features in the various Figures are denoted by the same 

20 reference symbols. 



Embodiment 1. 

25 Figure I renders a cross-sectional view of part of a magneto-resistive 

magnetic field sensor according to the present invention. The sensor comprises two magnetic 
layers 1,2 which are separated by an intermediate non-metallic layer 3. The non-metallic 
layer 3 ctmtains a (substantially circular) hole 5 of widfli (smallest diameter) w., which is 
filled with magnetic material. This material is the same as the magnetic material of which the 
30 layers 1 and 2 are comprised. In this manner, a connective magnetic constriction 7 is fonned 

between the two layers 1,2, 

In a particular embodiment, each of the layers 1,2 has a thickness of 
600 nm, the layer 3 has a thickness of 40 nm, and w« - 60 nm. The material in the 
magnetic layers 1.2 and the constriction 7 Is Fe, whereas the intermediate layer 3 is 
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comprised of SiCJ,. Such a s«isor dernoimnites an MR-^ue of 50%, a H.-value of 40 kA/m 
and an elactncal resistance across the oonstriction 7 of two ohms (all at room temperature). 
Preferendaliy, sensor’s electrical resistance is determined by measuring the resistance 
between etectrodcs (not depictetQ which are provided on (he respective faces 11,12 of the 
magnetic laymrs 1,2. 

P-TTihodiment 2 



Figures 2 and 3 give a cross-sectional depiction of part of a particular 
embodiment of a sensor according to the invention, showing various aspeos of its operation. 
The sensor is identical to that shown in Figure 1, except for the presence of an exchange- 
biasing layer 9 in contact with the magnetic layer 2. In this particular example, die layer 9 
comprises FeojMOoj, whereas the magnetic layers 1,2 and the constriction 7 comprise 
permalloy. The width w, of the ocmstriction 7 is 50 nm. For clarity purposes, the magnetic 
layers have not been hatched. 

Figure 2 shows the situation in *ero field. In this case, the magnetic 
layws 1,2 are ferromagnettcally coupled, so that thdr req>ective magnetizations M„ M, are 
paialkl. There are no domain walls present. This is the soisor's low-resistance 
configuration. 

In Figure 3> a magnetic field H, has been ap|died anti^parallel to M^, 
causing M, to revrase its directioii. The direction of M* does not change, due to the 
exchange biasing between layers 2 and 9. A single (lateral) domain wall 13 forms in the 
constriction 7. This is the sensor’s high-resistance configuration. 

As an alternative to the use of an exchange biasing layer 9, the 
magnetization M, of the layer 2 can be "piimed" (in the relative sense) by malting layer 2 

thinner than layer 1. Fuithw altocnatives include: 

depositing layer 2 in direct contact with a body of hard-magnetic material; 
structuring layer 2 so as to endow it with an increased sb^ anisotropy, e.g. by 

etching it into a elongated ftmn. 

In this particular embodiment, the magnetic layers 1,2 are 
ferroroagnetically coupled in zero field. In an alternative scenario, the layers 1,2 are 
antifenomagnetically coupled in zero field, and the magnetizations M„ M, can be forced into 
a mutually laialld arrangement by ^ipUcation of a magnetic field H, parallel to one of them. 
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Figures 4-6 depici various aspects of a posuble manufacturing prooeduie 
by means of which a sensor as depicted in Figuie 1 can be produced. 

m Figure 4, a substrate S (e.g. glass) has been provided with a magnetic 
layer 2 (c.g. permaUoy: Nio.|Feo^. The layer 2 is then covered with a layer 3 of non- 
metallic material (e.g. AlaO,). In this particular example, the layer 2 has a thkkness of about 
300 nm, whereas the layer 3 has a thickness of ai^roximately 10 nm. 

Layers 2 and 3 can, for example, be provided using a technique such as 
sputter deposition or v^»ur depositiem. whereby layer 2 is deposited in vacuum and layer 3 

is deposited in an oxygen atmosphere. 

Due inter t© various crystalline impwfections at the interfiice between 

the layers 2 and 3, the layer 3 will naturally contain small "pinholes" 5 at scattered locations. 
In conventional thin-film tpplications, such pinholes are regarded as a nuisance, and one 
generally strives to reduce their occurrence as far as possible. However, in the cunent 
context, the occurrence of these pinholes 5 will actually be exploited. Since it will generally 
have a width of the order of 2-5 nm, such a pinhole can serve as an ideal starting structure 
for the growth of a magnetic constriction as referred to in Claim 1 . 

Figure 5 shows the subject of Figure 4 after its immersion in an 
electrolyte bath (e.g. a mixture of NiS 04 * 6 Hj 0 (15 g/l), FeSO^^TH^O (2.25 g/l) and H,BO, 
(6.77 g/l) in the case of a permalloy layer 2). By temporarily applying a positive voltage to 
the magnetic layer 2, part of the layer 2 has been dissolved, cauring the creation of a small 
cavity 5’ underneath the htde 5. 

In Figure 6, the subject of Figure 5 has berai placed in the same 
electrolyte bath, and a n^ative voltage has been applied to the layer 2. As a result, 
electiodeposition of magnetic material (permalloy) has occurred in the hole 5 and cavity 5', 
causing the growth of a “bulb" 1’ of magnetic material on top of the hole 5. 

As here dqilcted, the bulb 1* may be considered as a magnetic layer as 

referred to in Claim 1. However, if so desired, the bulb 1* can be broadened out by 
electroless deposition of magnetic material Qiermalloy) on tiq) of the layer 3 and the bulb V 
(using sputter deposition, for example), which may be optionally followed by further 
electrodeposition from the electredyte bath referred to above. 
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y.mhodiment 4 



Figure 7 is a schematic perspective view of part of a magneco-reustive 
ma gnaUr read head (magnetic fidd sensor) according to the invention. The bead comprises a 
magnetic/non-metallic/magnetic cdlayer 1,3,2 as deaoibed in Embodiment 1, 2 or 3, with 
electrical connections 75. The head additionally comprises flux guides 77,77', wdiich are 
positioned relative to tiie trilaym* 1,3,2 so as to form a magnetic circuit. The atd faces 
79,79’ fonn part of the pole face of the head, the magnetic gap 80 bdng located between 
said faces 79,79’. 

If a magnetic medium, sue* as a magnetic tape, disc or card, passes 
before the faces 79,79’ in close proximity thereto, the inagnmlcaJly-stMed information on 
tiiat medium will genmate a varying magnetic flux in the above-moitioned magnetic orcuit, 
which magnetic flux is also fed tiuough the trilayer 1,3,2. The trilayer 1.3,2 transcribes this 
varying magnetic flux into electrical reristance variations, which can be measured via ttie 
electrical connections 75. 

The may also contain an electrical coil, which can be employed in 
the recording of magnetic information on magnetic media. 



y.mhodiinent 5 

Figure 8 rraders a perspective view of a part of a particular embodiment 
of a sensor according to the invimtion, in which the magnetic layers 1,2 and the constriction 
7 are co-planar« 

An electrically insulating substrate S Si) is provided with a uniform 
layer L of magnetic material (e,g. Co). This layer L has a thickness l^a of the order of 
100 nm, for example. Using selective masking and etching techniques well known in the art, 
a pair of channels 3’ is etched out of the layer L (right down to the substrate S), in such a 
manner as to create two magnetic layers 1,2 which are mutually connected by a narrow 
constriction 7 defined by the channels 3’. The width of this constriction is w*. 

In a preferential embodiment, the layer-thickness of the constriction 7 is 
less than t„. This may, for example, be achieved by partially etching away the constriction 7 
in the direction of the substrate S. 
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CLAIMS 



1 A magneto-iesistive nagnetic field sensor, characterized in that it 
comprises two magnetic layers which are mutually interconnected via a constriction. 

2 A sensm- Claim 1, dtatacterized in that the width w, of the 
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constriction is less than one micron. 

3 A stmsor according to Claim 2, characterized in that w. :£ 100 nm. 

4 A sensor according to any of the Claims 1-3. characterized in that the two 

magnetic layers are arranged in a stack and are separated by an intermediate non-metalUc 
layer, whereby the non-metallic layer contains a bole which is filled with magnetic material 

SO as to form the constriction. 

5 A sensor according to Claim 4, characterized in diat the non-metallic 

matmal is selected from the group consisting of silicon, silicon ojude, sUicon nitride and 
aluminium oxide* 

g A sensor according to any of the Claims 1-3, characterized in that the two 

magnetic layers and the constriction ate substantially oo-planar. 

7 A sensor according to any of the Claims 1-6, characterized in that the 

magnetic layers and the magnrtic constriction comprise a single magnetic material, 
g A smisor to Claim 7, characterized in that the magnetic material 

is selected from the group consisting of Fe, Co. Ni and their alloys, together with FcjO* and 
PtMnSb. 

9 . A sensor according to any of the Claims 1-8. characterized in that it 

comprises at least one flux guide which serves to concentrate magnetic flux from an external 
source into the vicinity of the magnetic layers. 





FIG. 2 
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FIG. 4 
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